As a part of our ongoing Volume-limited A-Star (VAST) adaptive optics survey, we have obtained observations of 26 binary systems with projected separations <100 AU, 13 of which have sufficient historical measurements to allow for refinement of their orbital elements. For each system with an estimated orbit, the dynamical system mass obtained was compared with the system mass estimated from mass-magnitude relations. Discrepancies between the dynamical and theoretical system mass can be explained by the presence of a previously unresolved spectroscopic component, or by a non-solar metallicity of the system. Using this approach to infer the presence of additional companions, a lower limit to the fraction of binaries, triples, and quadruples can be estimated as 39, 46, and 15 per cent, for systems with at least one companion within 100 AU. The fraction of multiple systems with three or more components shows a relative increase compared to the fraction for Solar-type primaries resolved in previous volume-limited surveys. The observations have also revealed a pair of potentially young (<100 Myr) M-dwarf companions, which would make an ideal benchmark for the theoretical models during the pre-Main Sequence contraction phase for M-dwarfs. In addition to those systems with orbit fits, we report 13 systems for which further orbital monitoring observations are required, 11 of which are newly resolved as a part of the VAST survey.
ages are particularly important to test theoretical evolutionary models, and examples include a double-lined eclipsing binary in Orion (e.g. Stassun et al. 2008) . Low mass stars and brown dwarfs also represent a regime requiring empirical calibration, and the visual orbits of nearby M-, L-, and T-dwarfs have been used to measure system masses and compare with theoretical mass-luminosity relations (Dupuy et al. 2009 ).
Visual orbits also provide a method to search for evidence of additional components and determine higher order multiplicity, by identifying systems with dynamical masses significantly in excess of the theoretical predictions. These visual binaries with an indication of unresolved companions can be monitored with spectroscopy or interferometry to determine the properties such as period and mass ratio of the closer pair and augment the statistics compiled from catalogues (Tokovinin 2008) . The properties of higher order multiple systems represent tests of formation scenarios including fragmentation of cores (e.g. Pringle 1989; Bonnell 2001) and disks (e.g. Stamatellos et al. 2007; Kratter et al. 2010 ) and may be influenced by processes such as accretion (e.g. Bate 2000) and dynamical interactions (e.g. McDonald & Clarke 1995; Lodato et al. 2007) In this paper, a subset of the systems resolved by our ongoing volume-limited A-star (VAST) survey are used to determine dynamical system masses from orbit fits and to compare the results with theoretical models and search for additional unresolved stellar companions. The sample of AO-imaged binaries considered in this study is detailed in Section 2, and a short summary of the new observations is given in Section 3. The data analysis, including the AO image processing to determine the relative positions and the subsequent orbit determination from the compilation of position data, is explained in Section 4. Section 5 reports the astrometric results from the new measurements and the orbital elements and masses based on the orbit fits. The discussion in Section 6 covers a comparison with theoretical mass-magnitude relations, an assessment of the higher order multiplicity, and the identification of a set of targets for continued monitoring. Finally, Section 7 provides a summary and future directions for the project.
SAMPLE
The sample of binaries is drawn from the ongoing VAST survey (De Rosa et al. 2011) , an adaptive optics (AO) imaging survey of A-stars within 75 parsecs, and includes the 26 systems with projected separations less than 100 AU. The angular separations of the binaries range from 0.
′′ 094 to 4. ′′ 66, and 11 are newly resolved. Figure 2 plots the measured magnitude difference as a function of separation for the complete sample. Of the 26 systems, 13 have a substantial number of previous measurements, and these systems comprise the orbit subsample. For the remaining 13 systems, there is insufficient coverage to fit an orbit, and these binaries comprise the monitoring subsample. Table 1 lists each observed binary in the two subsamples, along with basic parameters for each such as distance (van Leeuwen 2007) , Tycho2 VT-band and 2MASS Ksband photometry (ESA 1997; Skrutskie et al. 2006) , and spectral type listed within the SIMBAD database.
For the brightest stars within the sample, the shortest 2MASS exposures saturate, requiring a different method for measuring the photometry, resulting in significantly larger uncertainties on the estimated magnitudes (Skrutskie et al. 2006) . Therefore for three of these brighter targets, near-infrared photometry was obtained from alternative sources (Ducati 2002; Morel & Magnenat 1978) , and converted into the 2MASS photometric bands using empirical colour transformations (Carpenter 2001) . The distribution of the sample on the color magnitude diagram (CMD) is plotted in Figure 1 . Given the rapid evolution of massive stars off the Main Sequence, the position of an A-star on the CMD provides a method to estimate the age of the system based on a comparison with theoretical isochrones. The inferred age of the system from the CMD is combined with the dynamical system mass from the orbit and system photometry from the literature to test mass-magnitude relations at the corresponding age. A colour-magnitude diagram of the 26 stars discussed within this work, plotted alongside three different sets of theoretical isochrones at 100, 500, and 800 Myrs. Those targets with new or refined orbits are plotted in blue with a diamond symbol (see Table 4 ), and those targets for which further measurements are required are plotted in red with a cross symbol (see Table 5 and §6.3). Three different sets of theoretical isochrones are plotted at ages of 100, 500, and 800 Myrs; (top) Lejeune & Schaerer (2001) , (middle) Marigo et al. (2008) , and (bottom) Siess et al. (2000) .
OBSERVATIONS
With AO systems operating on telescopes ranging in diameter from the 3m Shane to the 8m Gemini and VLT, near-infrared images were obtained on all targets. In most cases, the filter used for the observations was a narrow or broadband filter within the K bandpass, though some images were taken within the J and H bandpasses. Both the primary and secondary of the pairs were unsaturated in the AO images, simplifying the astrometry measurements. Table 2 details the key characteristics of the instruments used to acquire the new AO observations, with the measured pixel scale and orientation for each camera. A subset of the observations were obtained from the CFHT and ESO Science Archive Facilities. One measurement obtained at the Southern Observatory for Astrophysical Research (SOAR) as a part of the VAST survey, and used within this study, has been recently published in Hartkopf et al. (2012) . a -K-band photometry from Ducati (2002) b -K-band photometry from Morel & Magnenat (1978) Figure 2. The magnitude difference between primary and secondary for each binary system within this study as a function of angular separation. The targets are divided into two distinct subsamples, those with new or refined orbits estimated within this study (filled circles), and those for which further measurements are required before an orbital determination can be attempted (filled stars). The majority of the systems within the second subsample were newly resolved as a part of the VAST survey, demonstrating the higher dynamic range possible with AO imaging. The filled circles connected with a solid line represent companions within the same hierarchical triple (HIP 44127 and HIP 82321).
DATA ANALYSIS

AO image processing
The AO science images obtained were processed with standard image reduction steps including dark subtraction, flat fielding, interpolation over bad pixels and sky subtraction. To align all the images, the centroid of the bright primary was obtained in each exposure by fitting a Gaussian to the core of the central point spread function. For each system resolved within the observations, an empirical PSF was determined from the radial profile of the primary, after masking any close companion. The empirical PSF was then fit to the position and intensity of both components of the system, providing a measure of the separation, position angle, and magnitude difference. Uncertainties within the photometry and astrometry were estimated from the standard deviations of the photometric and astrometric measurements from each individual exposure before combination.
To ensure accurate determination of the separation and position angle, the pixel scale and orientation of the detectors were calibrated based on observations of the Trapezium cluster, with the exception of data obtained with IRCAL and PHARO. Depending on the total field-of-view of the detector, the positions of 20 to 40 Trapezium members were compared with the coordinates reported in McCaughrean & Stauffer (1994) . The average derived pixel scale and orientation were computed, and the standard deviation of these values were used as the associated errors; (Lloyd et al. 2000) NACO (Nasmyth Adaptive Optics System/ Near-Infrared Imager and Spectrograph) - (Lenzen et al. 2003; Rousset et al. 2003) PHARO (Palomar High Angular Resolution Observer) - (Hayward et al. 2001) the results are given in Table 2 . For the data obtained with IR-CAL and PHARO, the pixel scale and orientation were calibrated from binary systems also observed with instruments calibrated with Trapezium measurements.
Orbital determination
For the 13 binaries with sufficient coverage of the orbit, a fit was performed for the orbital elements and an estimate of the dynamical mass was determined. The measurements presented within this study were combined with previous measurements contained within the Washington Double Star (WDS; Mason et al. 2001 ) Catalog. These archive measurements were obtained using a variety of observational techniques, and date back to the 18 th Century. As in some cases the statistical uncertainties were not provided in the WDS Catalog, we searched the literature for the formal errors for each individual measurement, and only separation and position angle values for which uncertainties could be assigned were included within the fitting procedure. A detailed listing of the individual measurements used for the orbital determination will be made available at the Strasbourg astronomical Data Center (CDShttp://cds.u-strasbg.fr).
Our orbit fitting approach utilises the method presented by Hilditch (2001) , and demonstrated by an application to measurements of the T Tau S system (Köhler et al. 2008 ). This method is similar to the grid-based search technique developed by Hartkopf et al. (1989) . At each epoch of observation ti, the xi,yi position of the companion with respect to the primary is measured in the observed tangent plane. These values are related to the true position of the secondary in the orbital plane (x
where A, B, F and G are the orbital Thiele-Innes elements, with A = a(cos ω cos Ω − sin ω sin Ω cos i) B = a(cos ω sin Ω + sin ω cos Ω cos i)
where a is the semi-major axis of the orbit, ω the longitude of periastron, Ω the longitude of the ascending node, and i the inclination -four of the seven orbital elements. The position of the compan-ion in the orbital plane (x ′ i ,y ′ i ) can also be expressed through the remaining orbital elements (e, P , T0) as
where e is the eccentricity of the system. The eccentric anomaly (E) can be determined from a numerical solution to Kepler's equation
where M is the mean anomaly, P the period of the system, and T0 the epoch of periastron passage. At each epoch of observation, the position of the component in the orbital plane can be defined using just three of the orbital elements (e, P , and T0). The orbital position at each epoch can then be converted into the observed position using the equations in Equation 1 through a least-squares determination of the four Thiele-Innes elements. An initial estimation of the orbital parameters of each system can be determined through an iterative three-dimensional grid search of e, P , and T0. A wider range of parameter values were searched, with 100 linear steps searched over a range of 0 e < 1, 500 linear steps between 1 log(P [yrs]) 3, and T0 initially distributed between the years 2000.0−(P/2) and 2000.0+(P/2). At each position within this three-dimensional grid, the fit orbital positions (x ′ i ,y ′ i ) were directly calculated (Eqn. 3), with the four remaining orbital parameters (a, i, ω, Ω) estimated from a leastsquares fit to the observed positions using Equations 1 and 2. After the χ 2 statistic was calculated at each position within the grid, the range of T0 values searched was reduced by a factor of 10 centred on the optimum value of T0 found within the previous iteration. This process was repeated until the step size in T0 was reduced to less than one day. The values for a, i, ω and Ω can be determined from an inversion of Equation 2 (Green 1985) ,
The orbital parameters calculated at each position within the (P , e) grid are then used as a starting point for a Levenberg-Marquardt minimisation to ensure the minimum of the χ 2 distribution is found. The set of orbital parameters with the minimum χ 2 statistic was then used as the orbit solution for the system.
The shape of the χ 2 distribution in the vicinity of the global minimum can be used to determine the 1σ uncertainties of each parameter (Press et al. 1992) . By perturbing an individual parameter away from the global minimum, and optimising the remaining parameters, a region of the χ 2 distribution can be calculated where the χ 2 statistic is less than χ 2 min + 1. This region encloses 68% of the probability distribution, and is not necessarily symmetric about the minimum χ 2 value. Our implementation of the orbit fitting method was tested against four well studied systems (Bonnefoy et al. 2009; Dupuy et al. 2009; Liu et al. 2008) , with the resulting parameters being within the published 1σ uncertainties. Marigo et al. (2008) 0.15 < M < 5.0 0.02 Siess et al. (2000) 0.10 < M < 5.0 0.02 Baraffe et al. (1998) 0.08 < M < 1.5 0.02
Theoretical mass-magnitude relations
We obtained four different grids of evolutionary models with which the dynamical system masses estimated from the fitted orbital parameters were compared. Table 3 lists the mass range, metallicity, and literature reference for each of the four grids. The Lejeune & Schaerer (2001) , Marigo et al. (2008) , and Siess et al. (2000) grids covers a significant portion of the lifespan of a typical A-type star, and as such we applied a maximum age cut-off at 1 Gyr. In addition to these grids, models from Baraffe et al. (1998) were obtained in order to study a pair of lower-mass companions presented in §6.1.2. Each grid was converted into the photometric systems used within this study -Tycho V and 2MASS KS (Carpenter 2001) , before producing a high resolution (dM/M⊙ = 0.001) mass-magnitude relation, created through cubic interpolation of the grid data, as shown in Figure 3 . The absolute V -and K-band magnitudes were calculated from the V -band magnitude differences obtained from the literature, and the K-band magnitude differences presented within this study (Tables 4 and 5 ). The individual component magnitudes and V − K colour for each system are presented in Table 6 . Within the A-type star mass range, the mass-magnitude relations significantly change as a function of the age of the system due to the rapid evolution of A-type stars across the CMD. The age of each system is therefore estimated, based on the position of the primary on the CMD (Figure 4 ), before a mass for each component is estimated from the mass-magnitude relations. The estimated masses of each component are summed to produce an estimation of the system mass, hereafter called the theoretical system mass.
To demonstrate the analysis procedure, a hypothetical binary system of magnitudes MK (A) = 1.25, MK (B) = 5.50 was used to construct the mass-age relation for each component, and their corresponding sum ( Figure 5 ). The evolution of the massmagnitude relation as a function of age can be then visualised as a continuous function for both components within the system. For this example a set of models were used which includes the preMain Sequence (PMS) contraction phase of lower-mass stars, as demonstrated by the increase in the derived mass as a function of age for the companion. The two mass-age curves can then be summed to produce a mass-age relation for the system in question. Using the age estimated for the system based upon its position on the CMD, a theoretical system mass can be estimated and compared with the dynamical system mass determined from the orbital elements.
RESULTS
Astrometric results
The astrometry and photometry measurements of the two subsamples are given in Tables 4 and 5 . Both tables contain the Hipparcos * -Photometry measurement used to determine the magnitude of each component in Table 6 . * -Photometry measurement used to determine the magnitude of each component in Table 6 . Abt (1965) is the system resolved within the AO data. ‡ -The individual component magnitudes may be significantly biased due to the presence of additional companions within the resolution limit of the Tycho2 and 2MASS observations. Marigo et al. (2008) models, the massmagnitude relation of stars fainter than M K ∼ 2 is not dependent on the age of the star. The Siess et al. (2000) and Baraffe et al. (1998) models include a description of the contraction phase of lower-mass stars onto the Main Sequence during the early portion of its life.
designation of the primary, the components of the system under investigation, the instrument and epoch of observation, and the measured astrometric values with corresponding uncertainties. For the orbit subsample, the WDS designation and discoverer code are also listed for reference.
Combining the K-band magnitudes of the sample with the ∆K values reported in Tables 4 and 5 , and the Hipparcos parallax, allowed for an estimation of the K-band apparent and absolute magnitudes of the resolved components (Table 6 ). For sys- (2000)). This procedure, while demonstrated for only two systems in this figure, was repeated for all the remaining members of the orbit subsample. For each system, the age estimated from each of the three model grids is reported in Table 10. tems with ∆V measurements reported within the literature (Table 7), the corresponding estimated V -band apparent and absolute magnitudes, and V − K colours for each resolved component are reported. Seven members of the overall sample are hierarchical systems with at least one of the components resolved within our dataset consisting of multiple sub-components, indicated in Table  6 . An example of this is HIP 128; our AO data are able to resolve a previously-unknown binary companion within this system (HIP 128 C at ∼ 1.
′′ 0), but are of insufficient angular resolution to resolve the previously-known spectroscopic component HIP 128 B. Without an estimate of the ∆V or ∆K between HIP 128 A and HIP 128 B, the individual magnitudes cannot be estimated and therefore only the blended magnitudes of the two components are listed. 5.26±0.37 Figure 5 . The mass-magnitude relation for a hypothetical binary system with M K (A) = 1.25 ± 0.05 and M K (B) = 5.50 ± 0.10, as a function of system age. The evolution of the mass-magnitude relation is shown for both components (A -blue region, B -red region), and the system as a whole (grey region). The extent of the region in each case represents the uncertainty in the mass estimate due to the uncertainties of the magnitudes of each component.
Orbital elements and dynamical masses
The orbital parameters for each system with sufficient orbital coverage are listed in Table 8 , alongside a system mass estimated from Kepler's Third Law (hereafter the dynamical system mass) and the number of measurements used to fit the orbit. In Figure 6 , the refined orbital fits incorporating the new data are plotted along with the previously reported orbit (references listed within Table 4 ). The resulting orbits span a range of periods from 10.78 to 467.4 years, and a range of semi-major axes between 0. ′′ 12 to 6. ′′ 78. The relatively short period of each system allows for orbital motion to be resolved over very short baselines, typically on the order of months. The changes to the estimated dynamical system mass between the previously published orbit fit and the refined fit presented within this study are shown in Table 9 . (2000) * -For ∆V measurements without uncertainties, 0.10 is used
DISCUSSION
We have presented high resolution observations obtained for 26 nearby multiple systems with A-type primaries with projected separations within 100 AU. The subset of 12 targets with orbit fits have been further divided into four distinct categories primarily based on a comparison between the dynamical mass and the theoretical mass estimated from the mass-magnitude relations, as shown in Figure 7 . The theoretical mass estimates for each system using the Lejeune & Schaerer (2001) , Marigo et al. (2008) , and Siess et al. (2000) grids are shown in Table 10 . Those systems with only two known components are discussed in §6.1.1, where the importance of metallicity is described. Two hierarchical systems resolved within our data are discussed in §6.1.2 and §6.1.3, which allow for a comparison to the models within the K-to M-type spectral range. For systems with a dynamical mass excess, significantly higher than the mass predicted from the theoretical mass-magnitude relations, the subset with known spectroscopic components is discussed in §6.2.1, and we present three systems with evidence suggestive of an additional unresolved component in §6.2.2. The remaining targets are discussed in the context of continued monitoring of the orbital motion in §6.3, of these 11 are newly resolved as Figure 6 . Combining our high resolution observations with historical measurements, refined orbits for 6 binary systems are plotted. The previous orbital fit, obtained from the Sixth Orbit Catalog, is plotted for reference with a dashed line. Each plot uses a similar symbol scheme to the Sixth Orbit Catalog; open blue circles representing eyepiece interferometry, filled blue circles speckle interferometry, green crosses micrometrical observations, and violet asterisks photographic measurements. Our high resolution observations presented within this study are plotted as filled red stars. For each measurement, the corresponding O-C line is plotted, showing the difference between expected and actual position within the orbital path. Symbols in grey represent those measurements presented without formal errors, and are not used while estimating the orbital parameters. Within each plot, the 57mas radius black disc represents the resolution Figure 6 . Combining our high resolution observations with historical measurements, refined orbits for 6 binary systems are plotted. The previous orbital fit, obtained from the Sixth Orbit Cataloge, is plotted for reference with a dashed line. Each plot uses a similar symbol scheme to the Sixth Orbit Catalog; open blue circles representing eyepiece interferometry, filled blue circles speckle interferometry, green crosses micrometrical observations, and violet asterisks photographic measurements. Our high resolution observations presented within this study are plotted as filled red stars. For each measurement, the corresponding O-C line is plotted, showing the difference between expected and actual position within the orbital path. Symbols in grey represent those measurements presented without formal errors, and are not used while estimating the orbital parameters. Within each plot, the 57mas radius black disc represents the resolution Using the method introduced in §4.4, a comparison can be made between the dynamical mass determined from the orbit and the mass estimated from theoretical mass-magnitude relations for the stars within the orbit subsample (the Marigo et al. (2008) models are used for this example). The systems with an A-type star primary which are known to consist only of two components are denoted as black points ( §6.1.1). Two hierarchical systems were fully resolved with our data, and the lower-mass pair of each system are in green ( §6.1.2). The systems which have a significantly discrepant dynamical mass can be explained by the presence of an unresolved spectroscopic companion within our data. The targets with known spectroscopic components are plotted in red ( §6.2.1), while those systems with evidence suggesting a previously unknown spectroscopic component are plotted in blue ( §6.2.2). The dashed line denotes the equivalence between the dynamical and theoretical mass. a part of the VAST survey, 2 were resolved in recent multiplicity surveys of nearby Southern A-type stars (Ivanov et al. 2006; Ehrenreich et al. 2010) , and 1 resolved within a large speckle interferometry survey (McAlister et al. 1987 ).
Comparison to theoretical models
A-type binaries
Four targets within the orbit subsample are systems where the two known components have been resolved within our high resolution data; HIPs 5300, 9480, 11569, and 76952. For each of these four targets, the mass-magnitude relations were used to determine how the system mass changes as a function of our estimate of the system Figure 8 . The system mass as a function of age based on the mass-magnitude relations derived from three of the model grids. Each panel is similar in nature to Figure 5 , with the spread in the mass-age relation introduced by uncertainties in both the measured K-band magnitude, and the distance determination. The horizontal dot-dashed line indicates the dynamical mass determined from the system orbit, with the uncertainty denoted by the line-shaded region. The vertical dotted line indicates the age of the system derived from the isochrones, with the line-shaded region denoting the range of ages consistent with the uncertainties in the position of the primary on the CMD. The primary of the HIP 11569 system is significantly bluer than expected for a Main Sequence star, and as such its age has been assigned to 100 Myr, with no corresponding uncertainty. The presence of additional components to the HIP 11569 system, within the resolution limit of both the Tycho2 and 2MASS observations, is the likely cause of this bias.
Figure 9. (top panel):
The dynamical mass of the HIP 5300 system (horizontal line-shaded region) is significantly below that of the system mass estimated from mass-magnitude relations (solid shaded region) calculated from the Solar metallicity models from Lejeune & Schaerer (2001) . (middle panel): Assuming a higher metallicity (Z = 0.04), the position of the components on the colour-magnitude diagram suggests a younger age (denoted by the vertical line-shaded region), and the mass-magnitude relation derived from the metal-enhanced models suggests a systematically lower system mass, although the dynamical mass is still discrepant. (bottom panel): With a metallicity of Z = 0.10, the age estimate is younger still (<10 Myr), and the discrepancy between the dynamical mass and the mass estimated from the mass-magnitude relation is removed.
age, shown in Figure 8 . For one system, HIP 76952, the dynamical system mass is consistent with the theoretical system mass ( The dynamical system masses of the three remaining systems are consistently lower than their theoretical system masses. One possible explanation for the apparently low dynamical masses is a non-Solar metallicity. Varying the metallicity has a significant effect on the system age estimate and the mass-magnitude relations. As an example, a 2 M⊙ star with super-Solar metallicity will be more luminous and have a redder V − K colour index than a similar-mass star of Solar metallicity. A super-Solar metallicity star will appear to be significantly older based on its position on a CMD if Solar metallicity models are used. To explore the effect of our assumption of Solar metallicity for the entire sample, the HIP 5300 system (Figure 8 , second panel) was studied at varying metallicity values. Using the Solar metallicity models, the dynamical system mass of this system is significantly lower than the theoretical system mass (Figure 9, top panel) . Increasing the metallicity causes the star to appear both younger, and less massive (Figure 9 , bottom panel). Only eight of the targets included within this study have metallicity measurements, either from spectroscopic analysis (e.g. Erspamer & North 2003) or derived from Strömgren photometry (e.g. Song et al. 2001) , demonstrating the need for further study in this area.
K-and M-type binaries -HIP 44127
The detection of two hierarchical systems, with pairs of lower-mass companions in a wide orbit around an A-type primary, allows for a comparison of the theoretical models in the low-mass regime where the models differ in the treatment of the contraction phase of these objects (e.g. Figure 3 ). Our observation of the HIP 44127 system, shown in Figure 10 , resolves three components to this hierarchical system, with an A-star primary (A) separated by ∼ 4 ′′ from two fainter, gravitationally bound, companions (BC).
The orbit presented in the Sixth Orbit Catalog of the BC pair around the A-type primary is in disagreement with our recent observations of this system. Although the phase coverage is insufficient for a robust orbital determination, the high proper motion of the primary (∆α = −441.1 mas yr −1 , ∆δ = −215.2 mas yr −1 ) suggests that the BC pair is co-moving. In addition, radial velocity variations detected within the spectra of the primary suggest the presence of a spectroscopic component to this system with a period of ∼11 years (Abt 1965) . The separation of this component was anticipated to be between 0.
′′ 2 and 0. ′′ 6, reaching maximum separation in the middle of 2007 (Docobo & Andrade 2006 ). We do not resolve any companion in any epoch of our observations which are consistent with these predictions, placing an upper limit to the separation of 0.
′′ 08, 0. ′′ 10, and 0. ′′ 10 in 2008, 2010, and 2011 respectively. The magnitude difference between the primary and the suggested companion, estimated to be ∆m = 1.2, is well within our detection limits at the expected separation (Docobo & Andrade 2006) .
A refined orbit of HIP 44127 BC is presented in Table 8 and Figure 6 , with an estimated dynamical system mass of 0.68±0.04 M⊙. The small magnitude difference between the two components (∆K ∼ 0) suggests a mass ratio close to unity. Assuming individual masses of ∼ 0.34 M⊙ the components would be of earlyto mid-M spectral type (Baraffe & Chabrier 1996) , a region of particular disagreement between theoretical models. The Baraffe et al. (1998) and Siess et al. (2000) models both predict that for a binary consisting of two stars of magnitudes equal to the measured magnitudes of the two components (MK = 5.87), the system mass will increase from 0.3 to 0.9 M⊙ between 10 and 100 Myrs (Figure 10) , as these models take into account the phase of contraction onto the Main Sequence for lower-mass stars. No such change is predicted by the Marigo et al. (2008) models, with the system mass remain- Baraffe et al. (1998) models do not extend to high enough masses. The age of the system was estimated using the isochrone which best fit the position of the primary. (right): A colour-magnitude diagram highlighting the position of the two lower-mass components (B -blue, C -red). The line styles are the same as the centre panel Bottom row -The theoretical system mass plotted as a function of system age for each of the three models. The vertical dotted line within each panel indicates the age of the system estimated from using each of the models, while the horizontal dot-dashed line indicates the dynamical system mass estimated from the orbital fit. As the Baraffe et al. (1998) models do not extend to the A-type star mass range, an age estimate is not possible.
ing unchanged between 10 Myrs and 1 Gyr (Figure 10 ). The theoretical system masses are only consistent with the dynamical mass at ∼ 30 Myrs in the Baraffe et al. (1998) and Siess et al. (2000) models, and are not consistent with any age in the Marigo et al. (2008) models. The metallicity of this system has been measured to be almost Solar (Wu et al. 2010) , removing the degeneracy which exists between metallicity and the mass and age of the system (e.g.
§6.2.6).
The position of the primary on the CMD suggests a relatively young age of the system between 50 and 250 Myr. The V − K colours of the BC pair also suggest a young age, between 40 and 100 Myr using the Siess et al. (2000) and Baraffe et al. (1998) models. The inferred young age of the system is not inconsistent with the minimum age of stars found within the LIB (Abt 2011) , given the relatively high U V W space velocity of the HIP 44127 system (Palous 1983) . The detection of X-ray emission from this system is also of interest. Previous studies have shown that A7 stars such as the primary should not emit X-rays, and that any detection of X-rays from the position of the star can be indicative of a lowermass companion (e.g. De Rosa et al. 2011 ). The ROSAT source J085913.0+480227 is coincident with the optical position of HIP 44127 (Voges et al. 1999) .
This hierarchical triple system warrants further study, primarily in order to refine the orbital fit as the BC pair approaches apastron passage in 2018. This system also makes an ideal candidate for future spectroscopic observations to search for the narrow spectral lines of the two faint companions. With a double-lined spectroscopic orbit fit, model-independent masses can be calculated for the individual components. If the young age suggested by both the position on the CMD and the system mass estimated from the massmagnitude relations is correct, the BC pair would be an ideal calibrator for the theoretical models in the young, low-mass regime.
K-and M-type binaries -HIP 82321
The hierarchical triple system HIP 82321 was resolved within a single epoch of our AO observations. The A-type primary (A) is ∼ 2 ′′ from a binary pair of two lower-mass companions (BC) in a wide orbit. The significant proper motion of the primary (∆α = 22.8 mas yr −1 , ∆δ = −51.4 mas yr −1 ), and near constant separation of the three stars, suggest that the lower-mass pair is co-moving Figure 11 . The theoretical system mass plotted as a function of system age for each of the three models for the HIP 82321 BC system. The vertical dotted line within each panel indicates the age of the system estimated from using each of the models, while the horizontal dot-dashed line indicates the dynamical system mass estimated from the orbital fit. The clear discrepancy between the dynamical and theoretical system masses can be explained by the lack of complete coverage of the orbit presented in Figure 6 . Further high angular resolution observations of this system will allow for an improved determination of the orbital parameters.
with the primary. Spectroscopic measurements of the lower-mass components of this system are possible given the small magnitude difference of the pair with respect to the primary (∆K ∼ 2.5); such spectra would allow for a determination of the individual masses independent of the distance to the system. The Hipparcos parallax and 2MASS K-band magnitude measurements of this system allow for a tight constraint of the system age to between 300 and 400Myrs, based on the position of the primary on the CMD. The primary is also a possible member of the Ursa Major moving group, an association of Solar metallicity stars with an age between 300 Myrs (Soderblom & Mayor 1993) and 500 Myrs (King et al. 2003) .
A refined orbit of the BC pair is presented in Table 8 , with an estimated dynamical system mass of 1.32±0.05 M⊙. The theoretical system mass, assuming the distance to each component is the same as the primary, is significantly higher at ∼ 2.0 M⊙ ( Figure  11 ). The sparse coverage of the orbit (Figure 6 ) suggests that the orbit fit could be poor, resulting in an incorrect dynamical system mass. The orbit fit would be significantly improved with subsequent observations. An alternative scenario is that the pair are a background binary with a proper motion similar to the primary, which would bring the dynamical and photometrically derived masses into agreement.
Higher-order multiplicity
Known spectroscopic binaries
The presence of an unresolved spectroscopic binary can have a significant impact on the magnitude assigned to each component of the multiple system, increasing the estimated component magnitude by as much as 0.75 mag for an unresolved equal-mass spectroscopic binary. For each target within this study, the literature was searched for references to additional components resolved through spectroscopic or interferometric observation which would influence any comparison made between the dynamical system mass and the theoretical system mass (e.g. Figure 13 ). Of the targets within the orbit subsample, three are known to have additional spectroscopic components (HIPs 28614, 36850, 80628) . The spectroscopic component to HIP 9480 resolved by Abt (1965) is resolved within our adaptive optics observations. Similarly, for the monitoring subsam- Figure 12. A schematic of the 7 hierarchical systems within both subsamples, including only components within a projected separation of 100AU to the A-type primary. The schematic diagram does not include the suspected spectroscopic binaries described in §6.2.2. Those systems which were newly resolved as a part of the VAST survey are highlighted in blue. Each filled circle represents an individual component, with the period of the binary pair denoted by its vertical position. Our high resolution observations are only sensitive to systems with orbital periods greater than ∼ 10 years, denoted by the dashed horizontal line. For wide separation systems with indeterminate orbital periods, such as HIP 128 AB-C, the orbital period has been arbitrarily set at 1000 years, denoted by the dotted horizontal line.
ple, two are known spectroscopic binaries (HIPs 128, 116611) . The greater frequency of spectroscopic binaries within the orbit sample, relative to the monitoring sample, can be explained by the narrow spectral lines of the former sample due to their relatively low radial velocities, v sin i = 71 km s −1 compared with v sin i = 115 km s −1 for the latter sample (Abt & Morrell 1995) . The magnitudes listed for the resolved components of these systems (Table 6) are the blended magnitudes of the listed spectroscopic components. In addition to these known spectroscopic binaries, three members Figure 13 . The six systems for which spectroscopic components are either known to be present through previous spectroscopic observations (HIPs 28614, 36850, 80628), or thought to exist due to a significant discrepancy between the theoretical system mass and the dynamical system mass. For clarity only one model has been used to estimate the theoretical system mass (Lejeune & Schaerer 2001) . The horizontal displacement between the intersection of the dynamical system mass (dot-dashed line) and the age estimate of the system (dotted line), and the theoretical system mass curve (solid shaded region), gives an order of magnitude estimate of the mass of the unresolved spectroscopic components. of the orbit subsample are resolved as hierarchical triples within our high resolution observations (HIPs 11569, 44128, 82321) . A schematic representation of the higher-order multiplicity systems is given in Figure 12 .
For the three systems with known spectroscopic components within the orbit sample, the dynamical system mass includes the mass of each component, regardless of whether it is resolved within our data. This causes a significant discrepancy when the dynamical system mass is compared with the theoretical system mass (e.g. Figure 7 ), with the dynamical system mass being systematically higher. The discrepancy between the two values cannot be directly converted into a mass for the unresolved components however, as a blended magnitude would have been used when determining the mass from the mass-magnitude relations.
Evidence of spectroscopic components
Systems with significantly higher dynamical masses than theoretical masses obtained from mass-magnitude relations are strong candidates for multiple systems with unresolved components which have not been detected in spectroscopic observations. We find two such systems with the signature of a possible unresolved component: HIP 17954 and HIP 93506 (Figure 13) , with masses of the order of 0.5 and 1.5 M⊙. Sensitive spectroscopic observations of both systems may lead to the detection of the spectral lines from an unresolved lower-mass component. A similar phenomenon is observed for the HIP 47479 system, although the number of measurements used to determine the orbit is particularly low, making the dynamical mass less certain. The narrow spectral lines of HIP 47479, implied by the low measured stellar rotational velocity (Royer et al. 2007 ), make it an ideal candidate for spectroscopic follow up. Previous spectroscopic observations of this system reveal v sin i variations with a magnitude of 40 km s −1 (Moore 1932) .
From the total sample of 26 systems, and only considering stellar companions within 100 AU, a lower-limit on the higherorder multiplicity of A-type stars can be estimated. Assuming the suspected unresolved companions described earlier in this section are true, there are five double, six triple, and two quadruple systems within the orbit subsample, corresponding to frequencies of 39, 46, and 15 per cent, respectively. This lower-limit shows an enhancement on the higher-order multiplicity of A-type stars when compared with Solar-type primaries ( An observation of one of the thirteen systems with projected separations < 100AU suggested as future orbital monitoring targets. The companion in each image is highlighted, with a logarithmic image scale between 1 (white) and 10 −6 (black) relative to the peak intensity of the primary.
Continued monitoring targets
Newly-resolved binaries
We have identified 13 binary systems with projected separations ranging between 13 AU and 96 AU which would make ideal candidates for future orbital monitoring projects (Table 5 ). The 100 AU projected separation cut-off was applied to select only systems for which orbital motion could be detected with several years of observations. The binaries resolved within the monitoring subsample typically have lower-mass ratios than for the orbit subsample, a demonstration of the effectiveness of AO observations at detecting high-contrast binaries. Based on their position on the CMD, two members of the monitoring subsample (HIP 5310, HIP 18217) appear to lie on the Zero-Age Main Sequence, and the measured magnitude difference between primary and secondary would correspond to a late K or early M-type companion in each case. These companions are of particular interest as they will allow for further tests of the theoretical models within the young, low-mass regime. A gallery of the observations obtained of each target within the monitoring subsample is shown in Figure14. 
HIP 77660
An advantage of monitoring binary systems for orbital motion with AO instrumentation over interferometric techniques is the elimination of the quadrant ambiguity. In some cases, the output of the image processing of speckle data results in a 180
• ambiguity on the position angle measurement (Bagnuolo et al. 1992 ). This may lead to a scenario where orbital motion is thought to exist for a binary pair, when in fact this motion is the product of such a quadrant uncertainty combined with the true linear motion of the companion. The ambiguity can be resolved by observing the system using AO imaging, where no reconstruction is required to obtain the final science image.
Based on our AO observations of the binary system HIP 77660, it appears that such a quadrant ambiguity has occurred, making linear motion appear as orbital motion, as shown in Figure 15 . The significant proper motion of the system (∆α = −91 mas/yr, ∆δ = −28 mas/yr), as measured by Hipparcos, is inconsistent with a stationary background object. While future measurements of this system will be able to resolve the presence of orbital motion after a sufficient time baseline, spectroscopy or multicolour photometry will allow for a rapid characterisation of the properties of both components.
SUMMARY
We have presented high resolution observations of 26 nearby multiple systems with A-type primaries with projected separations < 100 AU, 11 of which are binaries newly resolved as a part of the VAST survey. For those systems with sufficient orbital motion coverage, refined orbital parameters were calculated and the estimated dynamical system mass was compared to masses derived from theoretical models. Due to their rapid evolution across the CMD, removing the significant age degeneracy for lower-mass solar-type stars, binaries with A-type components are ideal targets with which to test theoretical models. Four such systems were investigated, with one system having consistent dynamical and theoretical system mass estimates. Of the remaining three systems, each had a dynamical mass significantly lower than that predicted from the models. While this discrepancy may be indicative of a true divergence between the models and observations, the lack of metallicity measurements for these systems provide another explanation. Future orbital monitoring observations of A-star binary systems will provide further refinement to the orbital parameters and, combined with refinement of the magnitude, metallicity, and parallax measurements, will improve the analysis performed within this study.
Observations of two hierarchical systems, consisting of an Atype primary and a tight low-mass binary pair in a wide orbit allowed us to extend this analysis to the lower mass regime. The primary of the triple HIP 44127 suggests a young system age (<100 Myr), making the M-dwarf pair interesting for comparison with evolutionary models. We have also shown that a dynamical system mass significantly higher than the theoretical system mass is suggestive of an unresolved spectroscopic component within the system. Demonstrated on several known spectroscopic binaries, systems which exhibit this discrepancy are ideal candidates for future spectroscopic or interferometric observations in an attempt to detect these hypothetical companions. Interferometric observations may be required to resolve these purported companions, as the rotationally broadened spectral lines of the rapidly rotating members of the monitoring sample (Abt & Morrell 1995) may preclude the detection of additional components using spectroscopy. Including the three systems with evidence of an unresolved close companion, a lower-limit on the higher-order multiplicity can be estimated from Docobo et al. (2010) . This system demonstrates the quadrant ambiguity limitation of the speckle interferometry technique. The binary companion was measured by Tokovinin et al. (2010) the 13 systems within the orbit subsample as 39 per cent double, 46 per cent triple, and 15 per cent quadruple. The frequency of single A-type stars will be explored in an upcoming publication within the VAST survey paper series. The remaining systems for which an orbit could not be determined are candidates for orbital monitoring projects with ground-based high resolution observations. A number of these systems are of particular interest, based on age estimates derived from the position of the primary on the CMD, and the magnitude difference between the two components.
